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İstanbul Technical University

Dr. Sadiye Nergis TURAL POLAT, Member

Yildiz Technical University

Assoc. Prof. Dr. Serkan TOPALOĞLU, Member
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ABSTRACT

Modeling and Characterization of Organic Light
Emitting Diodes for Automotive Lighting Applications

Arda GÜNEY

Department of Electronics and Communications Engineering

Doctor of Philosophy Thesis

Advisor: Assoc. Prof. Dr. Nihan KAHRAMAN

Co-advisor: Assoc. Prof. Dr. Mustafa Berke YELTEN

In this thesis, we aim to propose a SPICE compatible new and accurate electrical

model of an Automotive Electronics Council-Qualified (AEC-Q) organic light-emitting

diode (OLED), and investigate the reliability of the OLEDs for automotive exterior

lighting applications. The proposed model smoothly provides the current-voltage

relation in the forward and reverse operating regions, and also dynamic capacitive

behaviour of OLED is included in the model. The AEC-Q OLED samples that are

currently used in a rear stop lamps have been electrically stressed with a current

density of J = 11.5mA/cm2 (25% more than the nominal current density value)

at room temperature. The model was presented through theoretical equations for

forward and reverse current-voltage characteristics and impedance behaviour of

OLED. The simulated and experimental results are in close agreement with each other.

We characterize the complex impedance, operational voltage and current, wavelength,

and luminance variation of OLED aged under electrical stress for 7040 hours. We

utilize a simple setup that is based on image processing and a CMOS camera to monitor

variations in light intensity of the tested device. Under pure electrical stress, the

dominant wavelength was slightly red-shifted by 3.3 nm, the threshold voltage of

OLED is increased from 4.2 V to 5.25 V , and luminance decayed to 88% of the peak

luminance with stress time whereas spectral shape was not affected.

Keywords: Automotive exterior lighting, modeling, organic light emitting diode

(OLED), reliability, reverse bias characteristic
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ÖZET

Otomotiv Aydınlatma Uygulamaları İçin Organik Işık
Yayan Diyotların Modellenmesi ve Karakterizasyonu

Arda GÜNEY

Elektronik ve Haberleşme Mühendisliği Anabilim Dalı

Doktora Tezi

Danı̧sman: Doç. Dr. Nihan KAHRAMAN

Eş-Danı̧sman: Doç. Dr. Mustafa Berke YELTEN

Bu tez çalı̧smasında, Otomotiv Elektroniği Konseyi-Onaylı (AEC-Q) organik ı̧sık yayan

diyot (OLED) için SPICE uyumlu yeni ve doğru bir elektriksel model önerilmi̧s ve

otomotiv dı̧s aydınlatma uygulamaları için OLED’lerin güvenilirliği araştırılmı̧stır.

Önerilen model ileri ve ters çalı̧sma bölgelerinde OLED’in akım-gerilim ili̧skisini

sorunsuz bir şekilde sağlamaktadır ve ayrıca OLED’in dinamik kapasitif davranı̧sı

da modele dâhil edilmi̧stir. Günümüzde bir arka stop lambasında aktif olarak

kullanılan AEC-Q OLED numunelerine oda sıcaklığında, J = 11.5mA/cm2 (nominal

akım yoğunluğundan %25 daha fazlasına denk gelmektedir.) akım yoğunluğu

ile elektriksel stres uygulanmı̧stır. Önerilen model OLED’in ileri ve geri çalı̧sma

bölgesindeki akım-gerilim karakteristikleri ve empedans davranı̧slarını temel alan

teorik denklemler aracılığıyla sunulmuştur. Benzetim ve deneysel sonuçlar, birbirleri

ile yakın uyum içerisindedir.

OLED’in empedansı, çalı̧sma gerilimi ve akımı, dalga boyu ve parlaklık deği̧simi,

7040 saatlik operasyon süresi boyunca elektriksel stres altında karakerize edilmi̧stir.

Numunelerin ı̧sık yoğunluğundaki deği̧simleri izlemek için, imge i̧sleme ve CMOS

kamera temelli bir test düzeneği hazırlanmı̧stır. Saf elektriksel stres altında; baskın

dalga boyunun, kırmızı renk spektrum sınırları içerisinde 3.3 nm kaydığı, eşik

geriliminin 4.2 V ’den 5.25 V ’ye yükseldiği ve ı̧sık şiddetinin başlangıç değerinin

%88’ine düştüğü gözlenirken, ı̧sık spektrumunun şeklinde bir deği̧sim gözlenmemi̧stir.

Anahtar Kelimeler: Otomotiv dı̧s aydınlatma, modelleme, organik ı̧sık yayan diyot

xvii
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YILDIZ TEKNİK ÜNİVERSİTESİ
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xviii



1
INTRODUCTION

Light consists of massless and uncharged subatomic particles called photons. Like

all particles, photons also exhibit wave properties. Therefore they have a wavelength

and a frequency. After the photons emerge from their sources, if there is no obstacle in

front of them, they propagate in a straight line and without any deviation. When they

hit an object, they reflect or break, depending on whether the object is transparent or

not. Luminescence is created by the transfer of electrons in a substance from a high

energy point to a lower point. Multiple types of luminescence have been reported:

chemiluminescence, a result of a chemical reaction, electroluminescence (EL), light

produced when an electric current is passed through a substance, or bio-luminescence,

is produced by living microscopic organisms [1]. The first studies on the conductivity

of organic molecules appear in the early 1900s [2]. However, it has been found that

a practical application of this technology is not possible because of the extremely

high operating voltage (≈ 100 V ) at that time. The first effective, bi-layer organic

light emitting diode (OLED) is described in 1987 by Tang et al., which is generally

recognized as the most significant step towards the practical applications of OLEDs

technology [3].

The flexible structure, easy availability, and abundant production of organic

semiconductor materials have led to new horizons, especially in organic electronics

applications. In the last decade, there has been a rapid and powerful transition

from traditional light sources such as incandescent and fluorescent lamps to

solid-state-lighting (SSL) which is based on new technologies such as light emitting

diodes (LEDs) and OLEDs. Organic LEDs appear in different types of applications such

as indoor and street lighting, wearable devices, TV displays, mobile devices, embedded

antennas, visible light communication, and agriculture [4–9]. Figure 1.1 shows

some examples of the OLED applications for SSL devices. This novel technology has

significant advantages over conventional lighting technologies such as high efficiency,

long lifetime and design flexibility. At the same time, it makes an important transition

to innovative products in the lighting industry. In the light of this information, it is
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Figure 1.1 Some examples of oled applications: (a) foldable mobile device [14], (b)
agriculture [15], (c) tv display [16]

expected that the OLED lighting concepts to come to an important point.

The automotive lighting market is one of the most attractive markets for OLEDs,

and they can be the next technological development after the point-sourced LED

technology [10–12]. Like the point-sourced LED sister technology, light is emitted

as a function of the current through the device. OLED’s current-voltage behavior

is very similar to LEDs. However, the multi-layer organic structure and the bigger

light emitting area produce a critical capacitive behavior compared to their inorganic

counterparts [13]. OLED technology is slowly being introduced in the shape of

automotive rear lighting, but they are still very expensive and not suitable for mass

production. It means that it is likely only to be used for premium car models in the

next few years.

The most important challenges for OLEDs in automotive lighting systems are lifetime

and reliability. With increasing demand for illumination flux for automotive rear

lighting system, electrical, optical and thermal behavior of OLEDs are crucial for the

lifetime and reliability of the system. Unlike other lighting industries, automotive

exterior lighting requirements are more challenging.

A typical automotive rear lamp consists of mechanical, optical, and electrical

subsystems enclosed in a plastic housing. Maximum temperature includes the

temperature rise in the housing caused by self-heating within an enclosed lamp.

OLEDs are extremely sensitive to ambient temperature, and the lifetime of OLEDs

decreases with an increased junction temperature. Automotive applications need to

2



withstand a wide range of temperature (−40◦C to 125◦C). High ambient temperatures

present the challenge in OLED rear lamps: controlling the junction temperature of the

OLED. For automotive rear lamp applications, a different types of thermal designs

such as heat sinks, air cooling, heat pipes are used to keep the junction temperature

within prescribed limits. Unlike LED based systems, OLEDs’ base materials and large

surfaces provide an effective heat transfer mechanism and low thermal resistance.

For this reason, electrical current distribution rather than junction temperature is

more effective in the deterioration of light intensity in OLEDs in automotive lighting

applications.

During maintenance or service, the battery of the car is typically detached and

reconnected. There is a probability of connecting the wires to the wrong terminals of

the battery. In case of a reverse polarity condition, there could be significant damage

to the electronic components. Due to the automotive operation standards, OLEDs are

sometimes subject to reverse bias potentials, which they should properly withstand.

Every electronic subsystem of a vehicle has to follow the requirements of original

equipment manufacturers (OEMs) and ISO 16750 − 2 DC reverse voltage standard.

Consequently, the reverse bias region is critical to be captured by an electrical model

especially for the automotive applications even though the OLED does not emit light

in the reverse bias region.

Accurate modeling and characterization are important topics for OLED based lighting

systems. In order to understand the OLED’s characteristics, different types of

equivalent models have been proposed in the literature. However, in many models,

the larger parasitic capacitive value of OLED compared to LEDs has been accepted as

constant, and the reverse bias characteristic, which is very important especially for

automotive applications, is not included in these models.

Under these premises, the main motivation of the thesis is to understand the

automotive qualified OLED’s operation and characterize its electrical and photo-metric

dynamic behaviors under pure electrical stress. In order to investigate the OLED’s

reliability for automotive lighting applications electrical stress has been applied on

the OLED sample. Optical and electrical characteristic changes over time have been

observed for a duration of 7040− hours. Thereby, a specific test setup is developed

for this purpose to minimize the influence of external factors such as temperature

variations, electro-optical interference, self-heating. In addition, this thesis is also

dealing with new and more accurate SPICE compatible electrical model of the

automotive qualified OLED. Both forward and reverse bias current-voltage regions

and also capacitance behavior are included in the proposed model to describe the

OLED’s behavior. The variation in some important optical and electrical parameters
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of the sample were examined depending on the aging of the OLED device.

The dissertation is organized as follows: a general information and preliminary

investigation of the electrical models of OLEDs in the literature are presented in this

chapter. The objectives of this thesis and hypothesis will also be discussed at the end

of this chapter. The operation principles of OLEDs and automotive exterior lighting

are discussed in Chapter 2. Chapter 3 explains the experimental setup. Chapter 4

presents the electrical and optical characterization of the OLED samples. The SPICE
compatible model is presented and the model parameters are extracted in Chapter

4. After that, the application circuit is presented and the corresponding simulation

results are given in the same chapter. Chapter 5 contains the effects of electrical stress

on the OLED sample. Finally, the dissertation is concluded with the major results and

concluding remarks in Chapter 6.

1.1 Literature Review

In this section, the appropriate models related to the subject have been investigated in

the literature. Different models, including empirical and physical models, have been

developed in the literature. As the empirical model represent only the relationship

between current and voltage, the parameters used in these models have no physical

meaning. On the other hand, as physical models have been created due to physical

equations based on the working principle of the device, all parameters of the model

have physical meanings and the model can be applied a wide range of temperatures

and device sizes. The physical representations are also helpful for understanding the

physical phenomena such as carrier injection, occupied molecular orbital energy levels

(HOMO and LUMO), recombination process, and light emission in OLEDs.

The main advantages and disadvantages of the related OLED models are reviewed

in this section. The influence of aging effects, some thermal, electrical and optical

problems and OLED-based automotive lighting applications will be analyzed in the

following sections.

In order to improve the efficiency and reliability of OLEDs, the electrical, thermal

and optical properties of OLEDs are important in OLED-based lighting systems.

The performance of OLEDs is influenced by internal and external factors such as

humidity, operational voltage/current level, temperature. Therefore, modelling is

an important topic for SSL devices. There are several models in the previous

research, several of which are simple and depend solely on data-sheet information.

Some others are more elaborated and take into account the experimental results

[17]. Such models are especially useful for OLED based lighting systems especially
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Figure 1.2 The first proposed electrical model of the multi-layer oled [27]

for driver circuits, while addressing some novel issues including thermal effects

[18], layer thickness effect [19], and luminance degradation [20]. As for practical

lighting applications, factors such as the model accuracy, complexity, and applicability

on SPICE simulators should be carefully considered. Since the early 1970s,

electroluminance applications for display technologies were used in thin films with

alternating current electroluminescent thin-film (ACTFEL) systems [21]. This type of

device consists of an emitting layer of phosphorus, sandwiched between two insulating

layers and two electrodes. AC current allows capacitive coupling between the

electrodes and phosphorus to obtain electroluminescence. The first model for ACTFEL

devices is developed by Chen and Krupka [22]. After the invention of two-layer OLED

device in 1986, OLEDs have attracted the attention of many researchers. Different

structures have been proposed in order to develop efficient and inexpensive OLED

based applications [23–26].

The first electrical model for OLEDs have been proposed by Bender, inspired by the

similarities between the ACTFEL and OLED technologies [27]. Thus in this model, as

shown in Figure 1.2, each organic layer, is represented by a capacitance with a diode

and series connected a resistance in parallel branches. These diodes have been used

to model the rectifying nature of each layer. The capacitances used for the physical

capacitance value of the individual layers. The shunt resistors represent the large

bulk series resistances resulting from the low mobility of the layers. An extra sheet
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Figure 1.3 Equivalent circuit model of the oled [28]

resistance is connected in series with whole stacked circuit to describe the indium-tin

oxide (ITO) layer. Bender has also shown that a simpler model could describe the

behavior of OLED as precisely as the multi-diode model. In this mono-diode model,

the parallel combination of the diode, resistor and the capacitor is placed in series with

a ITO resistance. In [28], a small signal model of an OLED is proposed. The authors

fabricated the OLED device with the Alq3 emissive layer between ITO anode and Al

cathode, and investigated frequency-dependent response of the device at two different

bias voltages; one above and one below the turn-on voltage. Equivalent circuit model

of the OLED is given in Figure 1.3 where Rs represents the contact resistance Cp

represents intrinsic capacitance and Rp represents intrinsic resistance. According

to the experimental results Rs, and Cp is almost constant around 90 Ω and 10 nF

respectively in the measured frequency range. However, the Rp value decreases in the

higher frequency range. Some other models are able to describe the OLED’s design

parameters regarding the bias voltage and frequency, considering charge injection and

light generation mechanisms in OLEDs [29–32]. In [33], a double-diode OLED model

is presented, as shown in Figure 1.4. Two diodes represent the OLED’s current-voltage

characteristic at low and high voltage levels. The accuracy of this dual diode model is

quite low, the error between the simulated and measured currents reaches almost 8%

at high current levels with high brightness issues. This is encountered as an accuracy

problem, especially at high brightness levels.

Kanicki et al. have highlighted the need to use three diodes in parallel (corresponding

Figure 1.4 Double-diode oled model [33]
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Figure 1.5 Proposed equivalent circuit model for pled [34]

to the hetero junctions of the structure) to adjust the simulated current density-voltage

(J-V) curve with the experimental J-V curve of their polymer LED (PLED) device

that is fabricated on a plastic substrate, as shown in Figure 1.5 [34]. A parallel

connected capacitor is added to perform the transient simulations. The capacitance

values of red, green, and blue PLEDs are 1.22 nF , 1.17 nF , and 1.12 nF , respectively.

The authors are also presented a simple SPICE equivalent model to simulate

the current-density–voltage characteristics of the PLED. Some other models in the

literature are based on the carrier transport phenomena [35–37]. The parameters

used in these models depend on the operating voltage and frequency and take into

account the charge injection and light emission mechanisms in OLEDs.

Buso et al. have proposed an electrical equivalent device for the OLED driver topology

as shown in Figure 1.6 [38]. The authors demonstrate the similarity between the light

output waveform and V1. Therefore, instead of using a photo-detector, the light output

can be measured by the voltage on the resistor. Impedance spectroscopy (IS) is another

method to characterize and model OLEDs [39–42]. In IS method, a small AC signal

(VAC(t) = V1 sinωt) is applied to the OLED with a constant DC voltage as follows:

VOLED = VDC + V1 sinωt (1.1)

The complex impedance (ZOLED =
VOLED
IOLED

) is defined as the ratio of the voltage to

Figure 1.6 Proposed hardware equivalent model [38]
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current amplitude of the OLED. The measured impedance data generated by IS

can be represented in various ways. The most important of these formats are the

capacitance-voltage and capacitance-frequency (C-V and C-f) curves that can be found

in OLEDs to describe the charge and charge-injection. These characteristics is further

discussed in this thesis. According to Lee et.al, an impedance change in OLEDs can be

observed to understand the degradation mechanism [43]. They have fabricated three

different OLED structures and observed the impedances before and after an electrical

stress. The authors use the IS technique to measure the OLED impedance related to

the frequency range and observe the OLED response using the small-signal equivalent

circuit, as shown in Figure 1.3. An analytical model based on the band diagrams of

different layers is proposed in [19]. The authors examine the OLED’s operation region

in two main parts, a low and high-injection (LI and HI) regions. They introduce the

band diagram theory for the bi-layer OLED.

Some OLED models also consider the thermal behaviour of the device. Automotive

applications need to withstand a wide range of temperatures. High ambient

temperatures present the challenge in OLED rear lamps which is the control of the

junction temperature of the OLED. OLEDs are extremely sensitive to temperature,

and temperature has a great impact on the electrical properties of OLEDs. In [44],
the authors show that a deviation of ±10◦C in the operating temperature of an OLED

operating around ±40◦C could change the operating voltage of the OLED between

±2.5 % and ±5 %. A rise in junction temperature results in the forward voltage of

OLED to decrease and therefore it can change the dynamic stability [45]. The voltage

drop in OLED operation causes an increase in OLED’s operation current, so that it

should be carefully controlled by the OLED driver system [46].

In [47], in order to define voltage-current properties of OLEDs at different ambient

temperatures between ±10◦C and ±40◦C , an equivalent OLED circuit model

with a temperature coefficient, forming an electro-thermal model, is presented.

A four-parameter Taylor series based equivalent circuit is proposed to create

voltage-controlled piece-wise linear (VPWL) and piece-wise linear (PWL) based

behavior model, as shown in Figure 1.7. Lin et al. provided a Shockley function

by using a Taylor series as follows:

IOLED(Ta) = ISAT (Ta)

∞
∑

j=0

(
VOLED(20◦C)+(Ta−20◦C)·λT−rs·IOLED(Ta)

n(Ta)·VT (Ta)
) j

j!
(1.2)

rs =
VM − VQ

IM − IQ
(1.3)
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λT =
VQ(40◦C) − VQ(20◦C)

Ta − 20◦C
(1.4)

n(Ta) =
VK − VM − rs · (IK − IM)

VT (Ta) · ln (
IK
IM
)

(1.5)

ISAT (Ta) =
IK

e

�

VK(20◦C)+(Ta−20◦C)·λT−rs ·IK
n(Ta) ·VT (Ta)

� (1.6)

where the parameters are defined as:

• (VM , IM) : the maximum operating point,

• (VQ, IQ) : the rated operating point,

• (VK , IK) : the knee point.

They obtain these parameters from the experimental measurements. They measure

the error less than 2% with the 75th ( j = 75) order in the voltage-current

characteristics for ambient temperatures between 10◦C to 40◦C . The authors also

take into account the OLED’s capacitance variations. They measure the voltage-charge

(V −Q) values and prepare the PWL lookup table of the V −Q curve for the OLED’s

parasitic capacitor.

In [48], a photo-electro-thermal (PET) model has been proposed to characterize

OLEDs in view of electrical photo-metric, chromatic and thermal aspects. The

authors demonstrate that OLEDs’ larger surface and contact areas are effective heat

transfer paths regarding inorganic LEDs. They also show that the deterioration in the

luminance uniformity is not caused by the heat distribution. The current distribution

leads to obtain the better luminance uniformity.

Figure 1.7 Proposed vpwl and pwl based equivalent circuit model [47]
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Figure 1.8 Oled thermal resistive model [49]

One another PET model is presented in [49]. The authors use the datasheet

information and experimental results. The proposed model consists of scale,

photo-metrical, electrical and thermal domain variables. Interaction between these

domains is explained on the OLED’s operation. The model is built on the usage of

voltage, light and heat dependent sources. Bender et al. consider the heat transfer

from the junction to the ambient through thermal resistances of each organic layer

(RΘor ganic
), glass substrates (RΘglass

), electrodes and aluminium (RΘI TO
, RΘaluminium

), as

shown in Figure 1.8. They assume that the temperature is distributed uniformly

throughout the OLED panel. The authors provide the thermal resistance equations

for the heat radiation (RΘrad
), and convection (RΘconv

) are obtained as:

Rθrad
=

1
4εσT 3

a AOLED
(1.7)

Rθconv
=

Lc

kair NuAOLED
(1.8)

where the parameters are defined as:

• ε : surface emissivity of the OLED,

• σ : Steffen-Boltzmann constant,
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• Ta : ambient temperature,

• AOLED : total surface area,

• Lc : the critical size that is a function of the orientation,

• kair : the thermal conductivity of the air,

• Nu : Nusselt number.

The 1.7 and 1.8 show that Rθrad
and Rθconv

are strongly depend on the OLED device

surface. The authors calculate the OLED thermal resistance from the junction to

ambient (Rθ j−a
) as follows:

Rθ j−a
=
(Rθ j−c1

+ Rθc−a1
)(Rθ j−c2

+ Rθc−a2
)

Rθ j−c1
+ Rθc−a1

+ Rθ j−c2
+ Rθc−a2

(1.9)

The junction temperature (T j) of the OLED can be obtained as:

T j = Ta + Rθ j−a
Ph (1.10)

As seen from 1.10 the maximum allowed ambient temperature can be determined by

given internal temperature and power dissipation of OLED. The junction temperature

directly affects the lifetime and efficiency during the operation of OLEDs [50].
Therefore, thermal management is one of the key design parameters for the efficient

operation of OLEDs. In automotive environment, the OLED’s input power cannot

be converted fully into photon energy. The output energy can be examined in two

parts: optical energy and energy consumed as heat dissipation. The luminous efficacy

(E) and flux(ΘV ) are also functions of the junction temperature as explained in the

following equations [51].

E = E(25◦C)e
−(Tj−25◦C)

T1 (1.11)

ΘV = PDE (1.12)

where T1 is the characteristic temperature, and PD is the dissipated electrical power

of the OLED. The luminance degradation is one of the most important parameters

to define the OLEDs lifetime and reliability. Many studies have been conducted on

the lifetime estimation and the luminance decay models of OLEDs [52–57]. One
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of the well-known mathematical models for the luminance degradation is Arrhenius

equation [58] that can be explained as:

L(t) = L0e−β t (1.13)

where the parameter L0 is the initial luminance of the OLED, L(t) is the parameter

that shows the luminance degradation over time (t), and β is the aging parameter.

1.13 assumes that the aging rate is constant and the luminance decays exponentially

with time. Zhang et al. demonstrate that the luminance degradation data well fitted

to this exponential model under three constant stress groups [59]. Another model is

the stretched exponential decay (SED) [60] model given as:

L(t) = L0e−(
t
τ0
)β (1.14)

where τ0 corresponds the characteristics time where the luminance decays to 63.2%

of the L0. These proposed OLED models in the literature can assist the designer for the

OLED-based lighting systems and the following parameters can be determined before

starting the design: the maximum operating temperature, luminous flux, operating

voltage and current values.

1.2 Objective of the Thesis

The main objective of this thesis is to introduce a new and accurate SPICE compatible

OLED model for automotive lighting applications. This thesis also presents the

outcome of investigations on the electrical stress effects on the AEC-Q OLED’s optical

and electrical characteristic changes over time for the automotive lighting applications.

The investigations are obtained by performing experimental research. A specific test

setup developed for this purpose to minimize the influence of external factors such

as temperature variations, electro-optical interference and self-heating. Both forward

and reverse current-voltage regions and also capacitance behaviors are included in the

proposed model to describe thoroughly the OLED’s behavior.

1.3 Hypothesis

The typical one diode based model [61] has the advantage of simplicity but it suffers

from the accuracy. Some SPICE compatible electrical OLED models [19],[62] only

take into account the forward current-voltage behavior but reverse characteristic or
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capacitance behavior are not included. Some others [13], [38] include capacitance

behavior as well but they generally assume that the OLED’s intrinsic capacitance is

constant and not voltage dependent. As investigated in the following chapters, this

assumption is not able to represent the device dynamics.

The mentioned demands for OLEDs require a precise and reliable model that can

cover all the operation voltage range and the impedance behavior of the OLED. In the

following chapters of the thesis, it is aimed to propose a precise and SPICE compatible

model that can provide all the operation range including dynamic capacitive behavior.
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2
STATE-OF-THE-ART ON OLED AND AUTOMOTIVE

LIGHTING

In this chapter, we briefly introduce the lighting technologies. Then we explain basic

structure and operation principle of the OLEDs. Finally, we summarize the automotive

exterior lighting, and driving methods of the OLED in automotive environment.

Traditional lighting technologies such as incandescent, halogen, and fluorescent have

made significant progress over the years in terms of energy efficiency and light quality.

However, it has been observed that these technologies can not keep up with the

technological demands. As a result of the rapid developments in the semiconductor

technology, the efficiency factors of SSL technology are constantly increasing. Light

sources that use semiconductor material instead of standard filament, gas or arc tubes

to generate light are in the SSL group. LED, OLED and PLED technologies can be

shown as examples of solid state lighting.

Solid state lighting solutions have emerged as good alternatives to traditional

lighting with its high efficiency. Solid state lighting applications are energy efficient,

long-lasting, environmentally friendly, small in size, reliable and low cost [63]. The

main reason for using the SSL source in lighting is that it provides energy efficiency.

Lighting consumes 15 − 20% of the total electricity of the world, so more energy

efficient lighting sources have recently become more in demand. In fact, the switch to

innovative lighting systems such as LEDs, OLEDs may reduce electricity usage by 50%

[64].

In 1907, Henry Joseph Round conducted experiments to investigate the usability of

silicon carbide in different fields. Round obtained yellow colored light by passing

current through silicon carbide in his experiments, and with this invention, the first

LED concept emerged [65]. In 1962, Holonyak invented a red emitting GaAsP

inorganic LED. The luminous output was 0.1 lm/W . In 1980, he changed the material

as AlGaAs/GaAs and increased the efficacy to 2 lm/W , approximately the same as first
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Figure 2.1 Luminous efficacy development history of traditional and ssl sources
(adapted from [66])

light filament bulb in 1879 invented by Thomas Edison. A 100 lm/W luminous output

were reached in 2000s. Figure 2.1 illustrates this lighting history and the luminous

efficacy for different lighting sources.

In the last decade, tremendous researches have been made in solid-sate lighting.

OLEDs open up a whole new world of opportunities for working with light. Distinctive

features of OLEDs have attractive features such as; low thickness, bendable structure,

aesthetic view even in off-state [67]. These features make OLEDs more attractive

for the lighting applications. Additionally, OLEDs based lighting can help to reduce

electricity consumption up to 70% than conventional light sources [68]. OLED devices

have considered to be the main applicant for the next light source generation.

2.1 Organic Semiconductors

Silicon constitutes the basic building block of electronic components and is an

inorganic semiconductor. Silicon is also constitutes the raw material of most of the

electronic components currently produced. Although it is abundant in nature, the

researches have focused on obtaining other materials due to the difficulty of obtaining

pure silicon and the high operating cost. At this point, organic semiconductors with

advantages such as low infrastructure cost, application to wide and flexible surfaces,
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easy and fast production methods and application-specific synthesizable material

properties, they have the superior than silicon in certain areas. Organic electronics is

a branch of electronics using carbon compounds with semiconductor properties, thus

differentiating itself from traditional electronics based on inorganic compounds such

as Silicon, and Germanium. There are two types of carbon chain compounds according

to their molecular weight: small molecules and macro molecules consisting of the

repeated sequence of the same pattern. The first studies on the conductivity of organic

molecules appear in the early 1900s. These first devices in organic electroluminescent

agents have no practical use because the operating voltage of the device reaches

several hundred volts, with very low efficiency. The decisive stages took place at the

end of the 1980s. It gained momentum with the discovery of the first multi-layer

OLED in 1987 [3]. Since this date, many studies have been carried out to increase

the efficiency of OLEDs and to reduce their degradation processes. Thermally assisted

delayed fluorescence (TADF) OLED structures, which increased the internal quantum

Figure 2.2 MacAdam ellipses plotted on the Cie coordinates (the ellipses are ten
times magnified)
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efficiency (IQE) to 100% have been proposed in 2012 to solve the efficiency problem

[69]. M. Frobel et al. introduce color tunable OLED in 2017. A blue and yellow

emitting units were combined by the authors. The authors ensure that OLEDs have

a wide range of colors on the color space determined by the CIE. The light emitted

from a light source and the light perceived by the human eye are quite different from

each other. It is the anatomical structure of the human eye and the way information

is processed in the brain that makes this difference. The first researches on the light

absorption property of the human eye were made in the 1930s. As a result of these

studies, curves called the CIE graphic, and showing the sensitivity of the human eye

against wavelengths were obtained. In 1942, David MacAdam, a color scientist,

investigated whether each point on the CIE graphic actually represents a different

color. He ran a series of tests and showed that instead of a single color represented by

a dot on the graph, it can be represented by an ellipse surrounding that point, resulting

in the MacAdam ellipse, as shown in Figure 2.2. For example, a white-radiating color

is ideally positioned at a specific CIE point (chromaticity coordinates are x = 0.333,

and y = 0.333). However, around these coordinates there is a very large area that

can be defined as white light.

The flexible structure of organic semiconductor materials, as can be seen from

the Figure 2.3, easy to obtain and to produce in large quantities has opened

up new application areas especially in organic electronics. The development of

organic semiconductors has found application opportunities in many fields such as

photo-voltaic cells, sensors, photo-detectors, transistors, memory storage devices,

organic electro-luminescent devices [70–74]. OLEDs are the leading devices that

attract the most attention and investment in this new area.

Figure 2.3 (a) Flexible organic device examples [75, 76] (b) cross section view of
flexible devices
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The OLED market forecasts show that the expected value will be reached over $52

billion by 2023 [77]. OLEDs have enormous potential, and their use in smartphones

and tablets, wearables, and automotive markets will continue to grow in the near

future.

2.1.1 Basic Structure and Operation Principles of OLEDs

A typical OLED device consists of several thin layers of organic semiconductor material

between two conductive electrodes, as shown in Figure 2.4. An OLED consists of the

following layers: rigid or flexible substrate material (can be glass or polymer foil),

anode, hole injection layer (HIL), hole transport layer (HTL), electron blocking layer

(EBL), emissive layer (EML), hole blocking layer (HBL), electron transport layer (ETL),

electron injection layer (EIL) and finally cathode. The total thickness of organic layers

is a few hundred nanometers, and each layer has a particular purpose [78].

The operation of OLEDs is based on the phenomenon of electroluminescence. When

DC voltage is applied to an OLED, with the effect of the electrical field, holes and

electrons, migrate from the electrodes into the EML until they meet each other. Thanks

to the radiative recombination of the exciton (bound couple of holes and electrons)

electrical energy is directly converted to light in this layer [79]. The blocking layers are

used to reduce leakage currents and improve OLED’s efficiency by restricting electrons

to the emissive layer. One of the main problems with organic materials is that they

Figure 2.4 Typical multi-layer oled structure
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Figure 2.5 The visible light spectrum

are extremely sensitive to external factors such as humidity and temperature. An

encapsulation layer is used to protect the device against these external influences

and to ensure the required lifetime. Indium-tin-oxide (ITO) is used as a transparent,

conductive oxide since the generated light in the device must be emitted through

the glass substrate. Many researchers have proposed different structures in order

to improve OLEDs’ efficiency and lifetime [25, 26]. When voltage is applied to the

electrodes of an OLED, the device emits a specific color according to the energy band

gap of active organic materials in its structure. Although it is possible to change the

energy band gaps of inorganic materials by doping various materials that will create

impurities, they are not at the desired level. However, the energy band gaps of organic

semiconductors can be controlled within the desired range by adding different groups

to the organic structure to be obtained by chemical synthesis. In this way, it is possible

to obtain all colors in the visible spectrum, given in the Figure 2.5, by varying the

energy band range of these materials. The color is determined by the wavelength of

light, which is associated with frequency and energy. Table 2.1 lists the ranges of these

different colors.

Table 2.1 Wavelengths of the visible spectrum

Color Wavelength ( nm)
Violet 380− 450
Blue 450− 485
Cyan 485− 500
Green 500− 565
Yellow 565− 590
Orange 590− 625

Red 625− 740
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OLEDs can be classified by basically three different structures according to the light

emitting direction of the device: top-emitting, bottom-emitting, and transparent

configuration. These device configurations are illustrated in Figure 2.6. In transparent

configuration the light is emitted from both sides of the device [80]. The transparent

configuration significantly increases the contrast, and rendering the viewing of screens

in direct sunlight much simpler [81]. The OLED samples have been used throughout

this thesis are built in bottom-emitting configuration. This means that the device

uses transparent electrode which is located directly on top of a transparent substrate,

through which the generated light is out-coupled.

2.1.2 Energy Levels and Quantum Efficiency

The holes are transmitted from the positive electrode to the HOMO excited state of

the HTL substance when the voltage is applied between two OLED electrodes, whereas

the electrons are transmitted from the cathode to the LUMO energy level of the ETL

material. In general, the HOMO energy level corresponds to the valence band of

the material while the LUMO energy level corresponds to the conductivity band of

the material. Therefore, inter molecular interaction affects the width of the valence

and conductivity bands and, consequently, the conductivity properties of the material.

When the electron is stimulated from the HOMO level to the LUMO level, an exciton

is created. When the exciton is electronically formed, electrons and holes begin to be

injected into the organic semiconductor. Thus, electrons convert the energy into light

by relaxation of energy state. Excitons can be classified to two types of energy levels,

as singlet and triplet. The recombining charges are approximately 75% triplet exciton

and 25% singlet exciton, according to the spin statistics [82].

Figure 2.6 Different types of oled structures: (a) top-emitting (b) bottom-emitting
(c) transparent configuration
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The operation processes and energy levels of a forward biased OLED are illustrated in

Figure 2.7. The operating principle of OLEDs can be explained in brief as follow:

1. Charge Injection: The holes and electrons(charge carriers) are injected into the

organic layers.

2. Charge Transportation: Charge carriers are transported to the emitter layer.

3. Excitation: Electron-hole pair is described as an exciton.

4. Light Out-coupling: Exciton creates a photon. As a result, the photon is emitted

out of the OLED through one or both of the electrodes.

The external quantum efficiency (EQE) is a concept commonly used in the

characterization of OLED devices. The proportion of the amount of photons received

from the organic semiconductor to the amount of inserted electron-hole pairs is

generally known as EQE. The efficiency of the emission inside the OLED is defined

as internal quantum efficiency (IQE). The EQE definition is given as [83]:

ηex t = ηintηout (2.1)

Figure 2.7 Energy levels and light out-coupling process: (1) charge injection (2)
charge transportation (3) recombination
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ηint = γηSTΦP (2.2)

Where ηex t and ηint represent the EQE and IQE, ηout is the out-coupling efficiency,

γ is the charge carrier balance, ηST and ΦP are depend on the molecule properties

and described as spin factor (the fraction of spin-allowed excitons) and the

photo-luminescence efficiency of the emitter, respectively. The IQE varies depending

on whether the emitter type used in the device is fluorescent or phosphorescent. A

typical fluorescent material can only emit from the singlet exciton. Therefore, the

maximum theoretical IQE is limited to 25% [84]. Phosphorescent emitters can emit

from both singlet and triplet excitation. In recent years triplet harvesting approach

has been extensively studied to overcome the problem of low efficiency [85, 86].

2.1.3 Degradation Mechanisms of OLEDs

In the harsh environment of automotive exterior lighting, the performance of OLEDs

can be influenced by many factors. It is generally known that long-term operation

of OLEDs degrades their electrical and optical properties. External or internal factors

can cause the degradation mechanisms. The most common factors leading to external

degradation are the effects of oxygen and water, as well as the heat and direct sunlight.

While the diffusion of oxygen leads to the oxidation, water is causing the delamination

of the electrode [87]. When driving OLEDs, the generated heat at the hot spots also

acts as a source of degradation. The heat can be reduced by increasing the conductivity

of organic layers by doping, using additional layers to improve load injection, or using

spreader layers with low recombination losses [88]. However, these methods can only

reduce the heat by a small amount. The photo-degradation of OLEDs due to exposure

to visible and near-ultraviolet light is reported in [89]. In this study, while the ITO

polymer interface is defined as the interface where photo-degradation took place, it

is revealed that most of each layer is insensitive to irradiation with the sunlight. The

radiation of sun is partially absorbed in the automotive lamp and causes additional

heat load.

On the other hand, the internal degradation depends strongly on the material

properties the OLED stack. The cathode metal that is used in contact with the EIL,

the morphological stability of the HTL or the used material-specific chemical reactions

can cause the internal degradation of OLEDs [90, 91]. The drop in the luminance is

the primary indicator of degradation. Different ways of luminance degradation have

been reported. One type is called the “dark spot” degradation, which leads to local

non-emitting spots [92]. Increasing dark spots will inevitably cover almost the entire
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surface of the OLED, and it can reduce the electroluminescence of the system [93].
The other one is the total failure of the device in which a sudden drop in the luminance

occurs. The most common reason for this effect is the shortcuts between the anode

and cathode [94]. Another type is the internal degradation that comes with a steady

decrease in the luminous efficacy [95]. Therefore, the most critical challenges for

OLEDs in the automotive lighting system are lifetime and reliability.

2.1.4 Comparison Between LEDs and OLEDs

The use of LEDs in replacement of incandescent bulbs offers some advantages to the

automotive sector, such as high luminous efficiency, long lifetime, and low power

consumption and quick response time [96]. After LEDs have become standard

for the most of car manufacturers, particularly in Europe where daytime running

lights are mandatory in many countries, the use of OLED technology is now the

next step of automotive lighting design. The OLEDs can offer the same efficiency

advantages while offering additional benefits. OLEDs are also defined as the concept

of electro-luminescence, as with traditional LEDs.

In contrast to point-sourced LEDs, OLEDs glow entire regions at a significant

brightness level, their light reaches such a new state of homogeneity, and the strength

of light could be lightened uniformly. OLED-based automotive rear lighting system

needs no extra optical components such as reflectors, or light guides, which makes

OLED units more efficient. Thanks to OLED’s larger light emitting surface areas,

OLEDs are distinguished from conventional counterparts in getting relatively low

thermal resistivity and being less sensitive to the ambient temperature. Therefore,

in many situations they do not require heat sinks because OLEDs are cooled passively

by heat convection and radiation from both surfaces. This means that the OLED based

rear lamps are smaller than in traditional tail lights. Table 2.2 shows the comparison

of typical thermal resistance values of some AEC-Q LEDs that perform the position

function in the rear stop lamp and OLED.

Table 2.2 Comparison of thermal resistance

Type Manufacturer Part number Thermal resistance (◦C/W )
LED Osram LRG6SP 35
LED Seoul Semi. SZR05A0A 15, 1
LED Samsung SPMRD13435 60
LED Lumileds Signalsure 75 45
LED Everlight A09K-SR1501H 50

OLED Osram CMW30 0, 34
OLED Lumiotec LTS-10015 0, 59
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2.2 Automotive Exterior Lighting

It is impossible to imagine a car without exterior headlamps and taillights as driving an

automobile at night without these now-obligatory parts. Automotive exterior lighting

is not always what it is today. As time went by, technology evolved, and automotive

lighting became compulsory in all countries around the globe, which reduced the risk

of accidents. The first automobile headlamps were based on acetylene and gasoline

officially introduced during the 1880s, close to the old gas-lamps. A breakthrough

in automotive lighting technology first emerged in the invention of fluorescent light

sources. The discovery of the semiconductor LED is the further development. This

invention enabled the illumination of various colors with a highly effective and usable

lighting devices. Efficient lighting and display has become one of the most important

problems in the automotive industry. In illumination and visualization technology, this

has resulted in numerous philosophies. A new concept of nano-structured materials

for such applications is provided by organic semiconductors.

A typical automotive rear lamp system based on SSL technology generally consists

of an optical system (outer lenses and reflectors), an electrical system (PCB) and

a mechanical system (connection cables, screws, housing, etc.) as shown in Figure

2.8. Maximum temperature includes the temperature rise in the housing caused by

self-heating within an enclosed lamp, as shown in the following figure. Heat sinks

are also commonly used to keep the junction temperature within the prescribed limits

in the real applications. There are basically five main functions in a typical rear stop

lamp: position, stop, reverse, turn and fog.

Figure 2.8 Oled-based rear lamp components: mechanical, optical, and electrical
systems (adapted from [97])
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Table 2.3 The Sae requirements for the rear lamp functions [98, 99]

Function Color Usage time (h) Min. intensity (cd)
Position Red 2000 2

Stop Red 720 80
Reverse White 40 80

Turn Amber 160 80
Fog Red 8 80

The lifetime of a rear lamp mainly depends on the lamp usage during the life of

the vehicle. The signal and lighting equipment in the rear lamp must meet legal

requirements for the color temperature and the lifetime. The colors of OLED based

rear lamps should be designed to be compatible with the SAE (Society of Automotive

Engineers) International standards. For instance, position or stop function must be

emitted from the device in the red color spectrum with a minimum wavelength of

610 nm according to the SAE J578: Color Specification Standard. The SAE J2938:

LED Light Sources Tests and Requirements Standard provides the average usage time

for each function of the rear lamp as summarized in Table 2.3.

Automotive lamp design can be summed up in the following phases:

• Input and regulations specifications pertaining to packaging design, topology,

and model parameters,

• Identification of eligible vehicle parts associated with electrical, photonic or

mechanical requirements,

• Determination of the topology of the driver (linear regulator, buck converter,

boost controller etc. ).

2.2.1 Automotive Requirements

Automotive exterior lighting is one of the most challenging applications in terms of

harsh environmental conditions. Automotive applications, unlike other consumer

sectors, have stringent criteria and a lot of tight requirements that are expressed

in industry guidelines and purchase specifications. Those specifications are wide

temperature (−40◦C to 125◦C) range, operation voltage range (8 V − 16 V ), ability

to withstand chemicals, reverse polarity, humidity, electrostatic discharge (ESD),

electromagnetic compatibility and interference (EMC, EMI), as well as reliability

requirements are demanded by original equipment manufacturers.

The vehicle voltage varies from 8 V to 16 V , and by the vehicle battery that will supply
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this voltage, it has to operate under harsh temperature conditions that may be in a

desert or arctic region where the vehicle can be used. The automotive industry also

requires the following extraordinary conditions; inverted or constant double battery

voltage (−12 V or +24 V ), jump-start situations, load-dump issue which happens

when the battery is detached from the generator, and different voltage intermittent

voltage conditions. A worst case is 28 V for 2 minutes. When the battery terminal

is abruptly removed while the generator supplies current, the load-dump situation

happens. This issue may last as long as a few seconds and can easily reach a hundred

volt, however nowadays numerous producers have centralized clamping circuits, thus

that parts should endure the voltage levels up to a hundred volts. In addition to higher

voltage prerequisites, crank mechanism triggers lower voltage that need assurance

for the worst-case scenario. A reverse polarity condition occurs when the battery

line is connected to ground and the ground line to the battery supply. During the

module handling and installation or when the vehicle has low battery the driver may

connect cables incorrectly then the reverse polarity results. The necessity of safety

and protection circuits such as open and short circuit protection, over and under

voltage protection required by the standards or OEMs in the automotive industry can

be provided with discrete circuit elements or integrated circuits (ICs) containing all

of them. The lifetime of the component used in automotive environment must also

be checked by inspection to meet the target life and guaranteed specifications of the

vehicle manufacturer, which may be fifteen years or 300000 km [100]. Reliability of

OLED has a great importance for the automotive rear lamps. Throughout the lamp

lifetime, OLEDs experience electrical and different types of environmental stresses

such as humidity and temperature.

Generally, automotive certification specifications are expressed in tests like the

AEC-Q100 series for ICs from the Automotive Electronic Council, although stricter

standards and even more testing could be needed by individual automotive vendors

and car manufacturers. The three significant effects are the air temperature,

power source and disturbance at the automobile lamp’s seating system. While

strict descriptions are given for these variables, such as the ISO16750 − 2 for the

environmental stability norm, the ISO / DIS 12346 − 2007 for the electrical testing

standard, and the AEC-Q100 − 1 for the mechanical stress requirements, these

available norms can be at danger because of both the disparity between the motor

and alternator in whole vehicles and the complexity and uncertainty that may occur

between the vehicle, the human and the road being traveled.
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2.2.2 OLEDs in Automotive Lighting

The automotive lighting market is one of the most attractive markets for OLEDs, and

they can be the next technological development after the LED technology. Like the

point-source LED sister technology, the light is emitted as a function of the current

through the device. OLED’s current-voltage behavior is very similar to LEDs. However,

the multi-layer organic structure and the bigger light emitting area produce a huge

capacitive behavior with respect to their inorganic counterparts [13]. Some of the

world’s most well-known automobile manufacturers have developed vehicle designs

that implement OLEDs in their rear stop lamps, as shown in Figure 2.9. The first

OLED based tail lamp is used in 2016 [101]. With 15 glass-based non-bendable OLEDs

per rear lamp and a brightness of 1200 cd/m2, the brightness levels are suitable for

performing the position function.

Nowadays, due to the increasing safety requirements in the automotive industry, the

car manufacturers require more and more complex and reliable electronics systems.

Most automotive rear lamps are considered as safety devices and shall conform to

the regulatory specifications pertaining to the color intensity regarding European

Economic Commission (ECE-R128) and light emission (ECE R19). In addition, most

automotive lamps have both minimum and maximum photo-metric light intensity

level prerequisites for specific angles. Combined functions of the lamp also require

an intensity ratio, as well. For instance, the intensity ratio between a stop function

and position function in the tail lamp must be distinguishable by the human eye.

OLEDs that are used in the automotive market complies with the above regulations of

ECE, and they are suitable for realizing the position/stop light function (the dominant

wavelength for red light must be minimum of 610 nm according to the ECE) in the

rear lamp. Further innovative and technical moves are predicted to be the innovation

of relatively high intensity level OLEDs for the implementation of various functions

such as position indicators, center high-mounted brake light (CHMSL) or front lamp

daytime running lights (DRL).

OLEDs have the potential to contribute significantly to our automotive lifestyles thanks

to their dynamic functionality created by segmentation. These segments can be

controlled separately, thus providing different "welcome home" and "leaving home"

scenarios. Compared to other traditional lighting sources, with their unique physical

structure to be bent into any conceivable shape and optical characteristics, some of

the advantages[102] of OLED for automotive industry are :

• Good visibility, segmentation, and transparency (mirror-view in off-state),

• Shape freedom (bendable, flexible structures),
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Figure 2.9 Oled-based automotive tail lamps: (a) Bmw m4 [101], (b) Mercedes
s-class coupe [104], (c)Audi a8 [105], and (d)Tt rs coupe [106]

• Allowing for 3D and depth effects,

• High uniformity.

OLEDs with these properties are superior to LEDs in automotive rear lamps. On the

other hand temperature stability and mass production cost problems require further

developments. Revenue for automotive lighting systems is expected to reach $ 37.2

billion in 2023, and 85% of it will be coming from SSL technology [103]. The

distribution of expected revenue is illustrated in Figure 2.10.

Figure 2.10 Automotive lighting market forecast for 2023 (adapted from [103])
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2.2.3 Driving Methods: Current/ Voltage Mode

When powering OLED, it is essential to drive it with the current and not with

the voltage. At [107] this is stated and experimentally proved that the relation

between luminance and current is quasi-linear, which is not proportional to the

operation voltage. This means that a small variation of the operation voltage will

result in significantly high changes in the luminous output. The current-luminance

characteristic is much more flat at the nominal operating point. As it is already

mentioned, OLEDs have considerable parasitic capacitance due to its large emitting

surface area. This parasitic capacitance can cause current spikes if a step voltage is

applied. These spikes may damage device or reduce lifetime of OLED. Therefore, pulse

width modulation (PWM) technique is also not recommended [108].

A single OLED cannot provide sufficient light output to implement lamp functions,

a large array of OLED string consisting of series connected OLEDs can be used in

a typical stop lamp. Serial connected OLED strings are the optimum option to get

ideal current matching. As long as the current through all of the OLEDs is the same,

they will have the same brightness. A constant current source automatically adjusts

the output voltage to keep the output current stable and therefore the light output is

constant. Another advantage is that the constant current driver does not cause any

single OLED in the string to be over-driven and thus ensures that they have a long

operation lifetime. Therefore, current controlled mode is the best solution for driving

OLED devices. A constant current power supply with 125 mA is used in this study to

avoid exceeding the current limit.

When the driver must control several OLEDs in series, conventional DC-DC converters

are commonly used in vehicles. However, these bulky and heavy converters have the

disadvantages of high EMI noise and large output ripple, due to use of big inductors

and capacitors, because their size varies with the switching frequency [109]. Another

solution to drive OLED lamps is to use linear drivers. They provide a simpler control

and do not require electromagnetic interference (EMI) filters. However, their power

dissipation can become excessive for higher power applications. The specific AEC-Q

linear OLED drivers are currently not available on the market but typical AEC-Q linear

LED drivers, which act like linear current sources, (such as Infineon TLD1313, ON

Semiconductor NCV7680, Elmos E522.83, Texas Instruments TPS92830) can be used

for driving OLEDs. The output currents of these drivers can be easily adjusted with one

resistor. For the harsh automotive environments, several protection circuits such as

under/over voltage, reverse polarity, over-current, short circuit and over temperature

protection are already integrated into these ICs to prevent device failure under faulty

conditions. As a result, a single linear AEC-Q LED/ OLED driver can cover the all
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Figure 2.11 A typical circuit schematic diagram of a multi-segment oled-based tail
lamp

requirements of automotive applications.

A typical schematic of stop/tail function for OLED based rear lamp is given in Figure

2.11. Low-frequency ripple will be seen as flicker on the light output, so the current

fluctuation on any power supply design should be taken in account. Parallel connected

capacitance for each OLED device can be placed or the parasitic capacitance of

OLED can be used as the output filter as it suggested at [110]. Dimming the light

output between different brightness levels is a common requirement for exterior

lighting. For example, stop / tail functions or low beam / high beam headlights

are bi-level lighting. As shown in Figure 2.11 different functions with brighter

and normal light output can use the same OLEDs. With different resistance values

(Rset1 . . . Rset8), the micro-controller can adjust the output current at two different

levels via constant current source. From standard operation, the vehicle battery

spectrum ranges from 8 V to 16 V (traditionally 13 V ) to load the 12.6 V battery at

operating temperatures from −40◦C to +125◦C and includes extreme circumstances

such as reverse battery, constant double battery voltage, jump start situations to

failure situations. To protect the circuit from these voltage transients and supply

noise, transient-voltage-suppression (TVS) diode and parallel-connected capacitors

(C1− C3) should be used.
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3
EXPERIMENTAL MEASUREMENTS

In this chapter, a brief information is given about the OLED samples used in electrical

and optical tests. Afterwards, the measurement setup and environmental test

conditions used for characterization and creating the OLED model are introduced.

3.1 The OLED Sample

During the experimental studies, OLED samples that are actively used in the rear stop

lamp of BMW M4 [101] have been subjected to various tests. The OLED sample with

red-emitting color is attached to a glass substrate having an approximate size of 33×
80 mm2. The device structure is shown in Figure 3.1. It is used to perform the position

and stop functions on the OLED-based rear lamp.

Four AEC-Q OLED samples have been used to extract model parameters,

characterization, and verify the reliability of the OLEDs. The samples are RoHS
compliant with bottom-emitter technology. Interconnections have been made by flex

PCB with the connectors. In this study, these OLED samples have been tested under

electrical stress.

Figure 3.1 Photograph of the investigated oled sample
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3.2 Test Setup

The device characteristics of interest are optical (luminance and dominant

wavelength), and electrical (I-V characteristics, parasitic capacitance, threshold

voltage shifting) performances before and after the aging process. The following

parameters are observed during the experiments: threshold voltage, dominant

wavelength and spectral shape, impedance, luminance, and intrinsic capacitance.

OLEDs are extremely sensitive to the temperature, and the lifetime of OLEDs

decrease with an increase in junction temperature [45]. Therefore, the junction

temperature should be considered during the design phases. For many automotive

rear lamp applications, heat sinks are used to keep the junction temperature within

prescribed limits [111], [112]. In order to exclude temperature effects from this

work and and investigate the effects of pure electrical stress, the setup is located in

a temperature-controlled room (at an ambient temperature of 25◦C and 50%− 60%

humidity rate) and covered with a closed black colored foam to prevent light leaks, as

shown in Figure 3.2.

In order to keep the OLED device at the constant junction temperature, OLED is

mounted on heat-sinks by thermally conductive tapes. Thermoelectric coolers (TECs)

have also been mounted between two heat-sinks to transfer the heat from the OLED’s

back surface to the heat-sink, as shown in Figure 3.3. The average panel temperature

of the OLED is 30.4◦C .

Figure 3.2 The test setup covered with black foam block
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Figure 3.3 The heat-sinks and thermoelectric cooler

In the earlier studies [59],[56] luminance degradation has been continuously

monitored and identified as an aging precursor for OLEDs, to estimate remaining

lifetime. In this study, all of the above OLED parameters affected by electrical stress

are investigated based on the data collected in the measurement set-up, as shown in

Figure 3.4.

The setup consists of:

1. CMOS camera (Thorlabs DCC1545M-GL),

2. Imaging lens (Thorlabs LA1131, F = 50mm),

3. Spectrometer (Thorlabs CCS175/M) that is coupled into the fiber (Thorlabs

FTO30) ,

4. The OLED sample mounted on thermoelectric cooler (TEC1-12706) and

heat-sinks,

5. Keithley 2634B source meter unit (SMU).

The Thorlabs post products have been used in order to mount OLED-holder on the

basement. An output of the Keithley 2634B SMU is used in current source mode and

125 mA constant current is applied to stress the devices. Another output of the SMU is

utilized for the I-V measurements. The OLED images are mapped by the imaging lens

onto the CMOS camera, and relative light intensity measurements are automated by

the MATLAB scripts. The spectral shape and dominant wavelength are measured using
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Figure 3.4 The experimental test setup: (1) cmos camera, (2) imaging lens, (3)
spectrometer, (4) the oled under test, (5) source-meter unit

the spectrometer. The capacitance-voltage (C-V) and capacitance-frequency (C-f)

measurements have been completed on the Agilent B1500A semiconductor device

analyzer.
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4
CHARACTERIZATION AND MODELLING OF THE OLED

DEVICE

In this chapter, to understand the operation of the OLED sample, main electrical and

optical characteristics of the device are presented. Subsequently, by extracting model

parameters, a SPICE compatible OLED model is introduced. Finally, simulation results

of the proposed model are experimentally verified with the test results.

4.1 Electrical and Optical Characterization

This section describes the main electrical and optical characteristics of the

sample device. The forward and reverse voltage-current, complex impedance,

capacitance-voltage, capacitance-frequency, spectral shape, and chromatically

coordinates are examined.

All measurements were carried out under an ambient condition of 25◦C and 50%−
60% humidity rate. The purpose of this experiment is to detect the effects of purely

electrical stress. Thanks to heat-sinks and TECs, the average panel temperature of the

OLED is measured as 30.4◦C on a weekly basis, using an infrared thermometer. In

order to accelerate the degradation of the OLED, more than ∼ 25% of the nominal

current density is applied. Measurements were performed at regular intervals. The

Illuminating Engineering Society’s (IES) LM-80−08: Measuring Lumen Maintenance

of LED Light Sources [IES 2008], prescribes an approved method for long-term

measurement of LED packages. LM-80 − 08 requires that the chromaticity shift be

measured throughout the test procedure, which must last a minimum of 6000 hours.

The device ran at a constant current of 125 mA for continuous operation of 7040

hours at the ambient temperature and humidity. The test setup also is fullfilled the

ISO 16750−2 DC reverse voltage standard. The test setup is completed by complying

to these two standards.

In the first measurement, the forward current-voltage (I − V ) characteristic of the
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Figure 4.1 The forward current-voltage characteristic of the oled sample

OLED sample is observed. DC voltage, which is swept between 0 V -10 V , is applied

to the electrodes while the current through the OLED is measured. The forward

characteristic is given in Figure 4.1.

The threshold voltage, Vth, is an important parameter for characterizing the operation

of OLEDs. In general it is the voltage at which the OLED begins to function in a useful

manner (i.e. emits light). However, this definition must be very carefully specified so

that the Vth for a given OLED is the same regardless of the equipment being used for

measurement. Also, Vth should reflect the device physics of the OLED and should not

depend on OLED parasitic.

The voltage at which brightness is detected is a poor definition for threshold voltage

since it depends on the detection threshold of the light measuring equipment. This

definition for Vth requires that the optical detector used in measurement be precisely

calibrated. In this thesis, current–voltage values around light emitting operation range

are carefully observed. The operation voltage and current points around the threshold

voltage are given in Table 4.1. We observe a rapid increase in the current starts at a

voltage around 4.2 V , which corresponds to the threshold voltage (Vth).

During maintenance or service, the battery of the car is typically detached and

reconnected. There is a probability of connecting the wires to the wrong terminals of

the battery. In case of a reverse polarity condition, there could be significant damage
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Table 4.1 Operation points of the oled sample

Voltage (V) Current (A)
3.8 7.4905× 10−7

3.9 7.651× 10−7

4 7.826× 10−7

4.1 7.969× 10−7

4.2 1.275× 10−6

4.3 1.754× 10−6

4.4 2.805× 10−6

4.5 4.6305× 10−6

to the electronic components. In order to experience breakdown for a semiconductor

devices, a significant amount of reverse current should pass through it, which can

cause a permanent destruction. The amount of this current depends on how well the

semiconductor can convert the applied reverse voltage into current. Hence, the more

conductive (in other words highly doped) the semiconductor becomes, the lower will

be the reverse breakdown voltage of the diode. This is because even a smaller reverse

voltage can yield a significant reverse current, enough to reach the breakdown limits.

However, for an organic semiconductor, the conductivity is low; so, it is expected to

have a large reverse breakdown voltage. In fact, the reverse voltage is not destructive

to the OLED sample until the breakdown voltage at 32.2 V is reached, as shown in

Figure 4.2.

-35 -30 -25 -20 -15 -10 -5 0
-0.06

-0.04

-0.02

0

Figure 4.2 The reverse current-voltage characteristic of the oled sample
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Table 4.2 The Iso 16750− 2 : 2012 reverse voltage parameters [113]

Nominal voltage (V) Test voltage (V)
12 −14
24 −28

Due to the automotive operation standards, OLEDs are sometimes subject to reverse

bias potentials, which they should properly withstand. We have observed that the

reverse bias is not destructive until the breakdown voltage, and the OLED can resume

its operation once it is again forward biased.

Regarding "ISO 16750 − 2 : 2010 Road vehicles — Environmental conditions and

testing for electrical and electronic equipment Part 2: Electrical loads" standard, for

the system with 12 V battery, the DUT (device under test) must be able to withstand

the reverse voltage of −14 V . For the system with 24 V battery, the DUT must be able

to withstand the reverse voltage of −28 V . In order to facilitate the implementation

of the model in SPICE simulations, the model should continuously provide the entire

current-voltage relationship.

In the automotive environment, the DUT must be able to withstand the reverse voltage

specified by the ISO 16750-2:2012 standard, as shown in Table 4.2. Therefore, the

reverse-bias is critical to be captured by a SPICE model especially for automotive

applications, even though OLEDs do not emit light in that operating region.

The IS method is used to examine the impedance of the OLED sample. A small

sinusoidal AC voltage of 30 mV is superimposed on a DC bias voltage varying in the

range from −3 V to 8 V with a step voltage of 0.1 V . The complex impedance and

phase response are given in Figure 4.3. There are several equivalent representations

of the impedance obtained by the impedance spectroscopy. In this study, C − V and

C − f are investigated. In forward bias condition, the capacitance is increased by

the effect of the majority charge carrier injection into the organic layers. At very

low bias voltages, the organic semiconductor layers are completely depleted and the

capacitance is almost constant, and does not depend on the operating voltage. In this

range, the OLED space charge capacitance is dominant at reverse biasing, equal to the

Cgeo and expressed in the following equation:

Cgeo =
ε0εrA

d
(4.1)

where ε0 is the permittivity of free space (8.8542 × 10−12 F/m), εr is the relative

dielectric constant (3.5 for many organic semiconductors), A is the active area of the
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Figure 4.3 The impedance and phase response of the oled sample

device, and d is the thickness of the organic layers.

The measured capacitance of the OLED sample varies with operation frequency and

biasing voltage, as shown in Figure 4.4 and 4.5 respectively. The capacitance stays

nearly constant till a knee point where the charge injection begins, around 4 V (at

the built-in voltage Vbi). This carrier injection causes a sharp increase in the OLED

capacitance, due to the effect of the diffusion capacitance (CD).

For the larger voltage values above the threshold voltage, a significant injection of

electron and holes happens. As a result, radiative recombination occurs in the emissive

layer, the capacitance reaches the maximum value and afterward, it decreases the

OLED capacitance.

At higher frequencies, the behavior becomes a bit inductive, as shown in Figure 4.5.

Negative capacitance is observed at higher frequencies. When the imaginary part of

the impedance is positive, this implies inductance behavior. The observed negative

capacitance, as an inductance can be caused by wiring in the test set-up or even by

the electron injection [114], [115].

Electroluminescence measurements are obtained using a power supply and a fiber

optic system. The increase in the radiation intensity of the OLED against both the
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Figure 4.5 Capacitance-frequency characteristic of the oled sample under 5 V bias
condition
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applied current and the applied voltage, together with the spectral range of the light

are determined. The structure of the spectral curves at different biasing voltages

should be the same indicating the device is operating properly. Typically, integrated

sphere and spectrometer have been used for the optical characterization of OLEDs. In

this thesis, an alternative low cost method based on image processing and Thorlabs

CMOS camera that is relatively inexpensive has been proposed to observe the decrease

in luminous intensity. The proposed method has been applied and tested on 7040

hours of test data taken over the OLED sample and has been observed that it works

successfully.

Optical measurements are all carried out at room temperature in radiance mode with

the spectrometer CCS175/M and CMOS camera. The light intensity, normalized by

MATLAB to its initial value, is the parameter used to determine the lifetime of the

OLED. The entire spectrum, as well as the dominant wavelength (λdom = 640.93 nm)

are measured, as shown in Figure 4.6.

Determination of color coordinates is important in terms of determining what the light

emitted by OLEDs corresponds to which numerical value according to the standard.

In order to determine the color coordinates known as the CIE index, the light emitted

by the OLED in operation is measured with a spectrometer with color analysis and
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Figure 4.6 Spectral radiance characteristic of the oled
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Figure 4.7 Pixel values and histogram of the oled

the x and y values are calculated as follow: x = 0.72, y = 0.28. In order to reduce

the noise in spectra signal, a Gaussian filter has been applied to the original spectrum

data. Histogram and pixel values of the red color emitting OLED sample are shown in

Figure 4.7. Table 4.3 lists the main electrical and optical performance parameters of

the sample device.

Table 4.3 The main characteristics of the oled sample

Parameter Value Unit
Rated voltage 4.2 V
Rated current 1.275 · 10−6 A

Threshold voltage 4.2 V
Breakdown voltage 32.2 V

Device area 2640 mm2

Dominant wavelength 640.93 nm
Chromaticity coordinates x 0.72 −
Chromaticity coordinates y 0.28 −

4.2 The Proposed Model

The typical single diode-based model [61] has the advantage of simplicity, but it suffers

from the accuracy. Some SPICE compatible electrical OLED models [19],[62] only

take into account the forward current-voltage behavior but reverse characteristic or

capacitance behavior are not included. Some others [13], [38] include capacitance

behavior as well but assuming that the OLED’s intrinsic capacitance has a constant

value and is not voltage-dependent. As discussed later, this assumption is not able to

represent the device dynamics. The proposed electrical model is presented in Figure

4.8.

In the forward current-voltage characteristic, three main operation regions
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Figure 4.8 The proposed oled model

corresponding to the different slopes are observed. For the forward bias, this

characteristic is distinguished as regions I-III to obtain an accurate model. The

proposed electrical model consists of electrode resistance (RI TO) and leakage

resistance (Rp), geometric and diffusion capacitance (Cgeo and CD), three diodes for

forward and reverse regions.

4.3 Parameter Extraction and Modeling Results

The leakage resistance is particularly effective in the region I where the OLED’s voltage

is smaller than the threshold voltage. At very low operation voltages, there is a small

leakage current limited by Rp when the OLED is OFF. To extract the parameter Rp,

different data points are taken from the low injection region of the I-V curve. The

inverse slope of I − V plot in the low injection region is estimated for the leakage

resistance (Rp) by employing a linear regression method.

At low operation voltage due to depletion-recombination effects in the region I, the

current is represented by DLOW . The threshold voltage can be measured as the voltage

value corresponding to the sudden change of the slope in the transition from the

region I to II. The transition from the region I to region II can be seen from Table

4.1. We observe a rapid increase in the current starting at a voltage around 4.2 V

at the intersection of the region I and II, which corresponds to the threshold voltage

(Vth). DMAIN models the current behavior in the middle region.

As the current-voltage curve begins to follow a concave shape in the linear scale,

the characteristic switches from the region II to III. The high injection represents the
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luminance operation region when the device starts to emit light. DHIGH represents

the behavior at high injection region. At higher current levels greater than 170 mA in

region III, the voltage drop across the series resistance RI TO becomes dominant. RI TO is

determined in region III by the same procedure as the leakage resistance. Neglecting

high current effects, i.e. RI TO = 0 and the OLED’s current-voltage characteristic in

active region can be modeled by the Shockley general diode equation as given below

[116]:

ID = IS(ex p(
VD

nVT
)− 1) (4.2)

where IS is the saturation (leakage) current, n is an empirical ideality factor, VT is

the thermal voltage which is approximately 26 mV at room temperature. If we apply

logarithmic transform and neglect the term−1 in equation (1) we obtain the following

equation:

log(ID) = log(IS) +
VD

nVT
log(e) (4.3)

This is an equation of the type of y = mx + b; thus we can calculate the slope and

y-intersection of the fitted line. The model parameters IS and n are calculated from

each individual diode range using these equations. Figure 4.9 shows the measured

and simulated data with the proposed model for the forward I − V characteristic of

the OLED device, in both the linear and semi-logarithmic scale.

Based on the semi-logarithmic I-V plot, it can be observed that the model results

deviate from the experimental outcomes below 2 V . In the proposed model, the

leakage resistance (off-state) is assumed to be constant, instead of a function of

current or voltage. The term −1 in the equation (4.2) is directly ignored by the

logarithmic transformation, which may lead to an increase in the relative error with

the low voltage injection. Note that this region is far from the nominal operating

voltage/current for the lighting applications. Nevertheless, since the current levels

are already below micro-ampere levels, the overall accuracy of the proposed model

is hardly affected by that error. By recognizing the typical operation voltage range

of the lighting applications, there is a general agreement between the measured and

simulated results, with a maximum relative error of 5.82% and the mean relative error

of 1.51%.

For the SPICE model, reverse current-voltage characteristic is modelled by the

following parameters: Is which is constant, the breakdown voltage, specified as

parameter BV , and with the current at breakdown voltage of IBV . Until the
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Figure 4.9 The forward I-V characteristic plotted in linear and semi- logarithmic scale

breakdown voltage (32.2 V ), the reverse bias is not destructive. As shown in the

Figure 4.10, taken from the Agilent B1500A semiconductor device analyzer, it can be

observed that after reverse bias, the OLED can resume its operation once it is again

forward biased.

When the device is applied to the reverse bias breakdown voltage, however, the OLED

could get damaged. We have also observed the hard breakdown characteristic at the

breakdown voltage for the sample. This process is irreversible, and the device does

not work anymore. The current after a breakdown is modelled with the following

equation:

IOLED = −IS(ex p− (
BV + VOLED

VT
)− 1+

BV
VT
) (4.4)

The reverse I-V characteristic is shown in Figure 4.11 with maximum relative error of

14.48% and the mean relative error of 6.16%. Impedance characteristics can be used

to characterize electronic circuits, components.

Impedance spectroscopy [43] is used to analyze the intrinsic capacitance as a function

of frequency and operation voltage. The geometric capacitance is modeled by SPICE
with the parameters CJ0, VJ , M , and FC [116].
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Two regions of C − V operation describe the capacitive behavior as given below:

• For VOLED < FC · VJ

Cgeo = CJ0(1−
VOLED

VJ
)−M (4.5)

• For VOLED ≥ FC · VJ

Cgeo =
CJ0

(1− FC)M+1
(1− FC(M + 1) +

MVOLED

VJ
) (4.6)

Taking the natural logarithm of 4.5 yields:

ln(Cgeo) = ln(CJ0)−M · ln(1−
VOLED

VJ
) (4.7)

This is the equation of a straight line of y = mx + b. The parameter CJO is the

zero–bias junction capacitance and the built-in potential Vj models the slope of the

junction capacitance versus voltage characteristics curve in the forward region.

The parameter M is a grading exponent that is used to change the slope of C − V

curve at reverse biasing. The parameter FC is set to the default value of 0.5.

Diffusion capacitance is modeled by the forward transit time parameter (T T) and

the conductance (gOLED) of the OLED as follow:

CD = T T · gOLED (4.8)

gOLED =
δiOLED

δvOLED
(4.9)

where δiOLED represents a change in the OLED current caused by a small change in the

OLED voltage δvOLED at a specific point. The transit time parameter is measured from

pulsed voltage time-delay measurements at 6.2 V corresponding to the peak value of

the capacity.

The capacitance versus voltage characteristic curves (at 0.1 kHz) for simulated and

experimental data are shown in Figure 4.12 with maximum relative error of 17.67%

and the mean relative error of 4.21%.

In this study, C − V and C − f are investigated. The complex impedance (ZOLED)

consisting of a capacitor (COLED) and a resistor (Rp) in parallel connected with a series
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resistance (RI TO) is given by:

COLED = Cgeo + CD (4.10)

ZOLED = RI TO +
Rp − jwR2

pCOLED

1+w2R2
pC2

OLED

(4.11)

Re{ZOLED}= RI TO +
Rp

1+w2R2
pC2

OLED

(4.12)

Im{ZOLED}= −
R2

pC2
p w

1+w2R2
pC2

OLED

(4.13)

θ = tan−1(
Im{ZOLED}
Re{ZOLED}

) (4.14)

The results of the SPICE model’s capacitance values show a similarity to the

capacitance of measurement data, especially in the reverse–bias and low voltage-bias

regions. However, the capacitance calculated near VJ tends to approach inaccurate

values.
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Figure 4.12 The measured and simulated C-V plots
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Table 4.4 The model parameters

Parameter Description Unit Value
Rp Leakage resistance kΩ 73.37

RI TO Electrode resistance Ω 5.12
nLOW Emission coefficient for DLOW - 1542
IsLOW

Saturation current for DLOW A 8.631× 10−6

nMAIN Emission coefficient for DMAIN - 8.089
IsMAIN

Saturation current for DMAIN A 819.6× 10−15

nHIGH Emission coefficient for DHIGH - 7.5
IsHIGH

Saturation current for DHIGH A 1.504× 10−3

FC Forward capacitance coefficient - 0.5
T T Forward transit time ns 1
CJ0 Zero-bias junction capacitance F 1.308× 10−7

VJ Built-in potential V 4.3
M Junction capacitance grading exponent - 0.00123
BV Reverse breakdown voltage V 32.2
IBV Current at reverse breakdown A 49.8× 10−3

The diffusion capacitance behavior has a proportional increase in capacitance with

current since the transit time parameter is assumed to be constant in the proposed

model. For the real behavior, however, T T is known to decrease at higher voltage

levels (T T = L2/(µ × VDC), where L is the thickness of the active layers, µ is the

mobility) [117].

Thus, the capacitance behavior typically deviates from the experimental behavior. The

calculated SPICE parameters for the proposed model of the OLED are given in Table

4.4.

As a result, the simulated and measurement results are in close agreement within the

acceptable error rates. Different types of OLED models including electrical, optical,

and thermal can be found in the literature. Based on the electrical models in the

literature, some models incorrectly assume the parasitic capacitance of OLED as

constant.

Some models are only analytical and not compatible with SPICE simulators. And

the reverse polarization characteristic of OLED, which is an important feature for

automotive applications, is not included in these models. The proposed model is

compared with other electrical models along with their features in Table 4.5 for the

comparative study.
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Table 4.5 Comparison of the proposed oled model with the previously reported models

Ref. Complexity Components SPICE Model Capacitive Behavior Reverse Characteristic Accuracy
[13] High 3 diodes, 4 resistors, 2 capacitances, 2 voltage sources No Included with fixed values Not incl. Error = 6.1%
[17] High Analytical model No Not incl. Not incl. Not specified
[19] High Analytical model No Not incl. Not incl. Not specified
[20] High Analytical model No Not incl. Not incl. Not specified
[27] High 1 diode, 2 resistors, 1 capacitance Yes Included with fixed value Not incl. Not specified
[28] Low 2 resistors, 1 capacitance No Included with variable values Not incl. Not specified
[31] Low 2 resistors, 1 capacitance No Included with fixed value Not incl. Not specified
[33] High 2 diodes, 2 resistors, 1 capacitance Yes Included with fixed value Not incl. Error < 8%
[38] Low 1 diode, 1 capacitance, 2 resistors, 1 variable resistor, 1 voltage source No Included with fixed value Not incl. Error = 11%
[40] Low 3 resistors, 2 capacitance No Included with fixed value Not incl. Not specified
[47] Low 2 piece-wise linear voltage sources, 1 inductor, 1 resistor No Included with look-up table Not incl. Error < 2%
[48] High Analytical model No Not incl. Not incl. Error = 4.2%
[49] High 1 diode, 1 dependent voltage source, 3 resistors, 1 capacitance No Not incl. Not incl. Error = 13.56%
[62] Low 1 diode, 1 variable resistor, 1 voltage source Yes Not incl. Not incl. Not specified
[118] Low 2 diodes, 1 voltage source Yes Not incl. Not incl. Not specified
[119] Low 1 diode, 2 fixed, and 1 variable resistors, 1 capacitance Yes Included with fixed value Not incl. Error = 3.82%

This study High 3 diodes, 2 resistors, 2 variable capacitances Yes Included with variable values Included Err f wd = 1.5% Errrev = 6.16%
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4.4 Application Circuit: OLED Based Stop/Tail Light

A typical rear lamp has five functions including tail light, brake (stop) light, turn signal,

fog and reverse light. Brake lights and tail lights are red and installed in all vehicles.

When the vehicle headlights are turned on, power is normally fed to the taillight

circuits. And for many automobiles, the same set of LEDs / OLEDs illuminate both

tail lights and brake lights.

The light source must therefore operate at two different brightness levels: full

brightness for braking, and lower level of that brightness (dimmed) for the tail lights.

It is possible to dim the light source in two ways: analog dimming and digital dimming

with pulse-width modulation. Analog dimming adjusts the light output only by

changing the DC current on the string while PWM dimming has the same effect by

changing the duty-cycle of a fixed current in the string such that the average string

current is changed effectively. Some of applications require a wide-range of brightness

control, spurring a demand for products that offer PWM-based brightness control.

However, automotive tail/stop light control demands only two different brightness

level.

In this study, it is assumed that the tail and stop functions consist of six OLED panels

and the same four set of them will be used for the both functions. A model file and

schematic symbol of the OLED sample are created in ORCAD Pspice v16.6 for the

simulations, as shown in Figure 4.13.

The application circuit is designed as a complete solution for an automotive tail lamp.

The application circuit includes reverse battery, over- voltage, short circuit, and ESD

protection. The designed circuit can operate over the full range of automotive battery

conditions (8− 16 V ). The circuit is designed to be compliant with the radiated and

conducted-emissions automotive EMI standards. All active and passive components

are chosen as AEC-Qualified products.

Figure 4.13 (a)The model card and (b) schematic symbol of the oled sample

51



The functions of tail light and brake light are controlled by the Infineon TLD2314EL

which is a three channel high side driver AEC-Q IC. It is assumed that six OLED panels

are driven at ≈ 30 mA when the tail function is active. And, when the stop signal is

high (while breaking), the four OLED panels are driven at ≈ 120 mA. The designed

application circuit is given Figure 4.14.

The output current of each channel can be adjusted independently. The current

adjustment can be done by placing a low power resistor(RSET ) at the INSET x pin to

ground. The output current of the channel can be calculated using the formula below:

Iout =
k

RSET
(4.15)

The typical value of the gain factor k is 750, and it can be in the range of 645 −
855 [120]. The output current is adjustable via external low power resistor and it

is possible to connect PTC resistor for over temperature protection. This is the key

to develop a tail/stop light circuit that increase the light intensity as the brakes are

applied. The output current is transferred through parallel resistors.

The schematic of the application circuit is given in Figure 4.14. The supply inputs

for stop and tail lights are connected to the circuit through diodes D1 and D2. These

diodes provide protection against any reverse voltages that might be present on the

vehicle supply bus. U1 and U2 are transient-voltage-suppressors (TVS) and placed

to save the circuit from the sudden spikes in voltage or current. The TVS devices are

placed in parallel to the circuit to protect the electronic components from over-voltage.

The input filter capacitors C1−C8 bypass any noise spikes that may be present on the

power supply line. Low frequency noise requires larger electrolytic capacitors, while

high frequency power supply noise is reduced with low inductance surface mount

ceramic capacitors. As the frequency increase, the impedance will start to rise due to

the the equivalent series inductance (ESL) of the capacitor. The location and width of

the resonance frequency vary with capacitor construction, dielectric and capacitance

value. This is why different values of capacitors are connected in parallel with the

supply lines. The self-resonant frequency of the capacitor is expressed in the following

equation:

fresonance =
1

2π
p

ESL · C
(4.16)

For EMI improvement, R4, C9 − C16 are placed. The driver IC has open-load and
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short-circuit to ground diagnosis feature. The diagnosis enables (DEN) pin is used to

activate or deactivate the device internal diagnosis functions. As per the manufacturer

recommendation, a zener diode (D3) is connected between DEN pin and supply line.

When only tail signal is active, INSET1−3 pins see 25 kΩ resistance. When the stop

signal is active, the Q1 transistor decrease the resistance seen by INSET1−2 pins. Thus,

the current of U9−U12 increases, and the brake lamp provides more brightness. The

components used in the circuit are listed in the in Table 4.6.

As can be seen from the simulation results in Figure 4.15, each time the brake signal

comes, the currents of four OLED strings increases to 120 mA. In tail mode operation,

OLED strings are driven at 30 mA.
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Figure 4.14 The schematic view of the application circuit: tail/stop light

54



Table 4.6 The bill of material (bom) of the application circuit

Designator Quantity Description Value Package Manufacturer part number
C9− C11 3 Surface mount multi-layer ceramic chip capacitors X7R dielectric 22 pF 0603 C0603C220K5RACAU TO

C13 1 Surface mount multi-layer ceramic chip capacitors X7R dielectric 100 pF 0402 C0402C101J5RACAU TO
C1, C5, C17 3 Surface mount multi-layer ceramic chip capacitors X7R dielectric 1 nF 0603 C0603C102J5RACAU TO
C14− C16 3 Surface mount multi-layer ceramic chip capacitors X7R dielectric 4.7 nF 0603 C0603C472K5RACAU TO

C2, C6 2 Surface mount multi-layer ceramic chip capacitors X7R dielectric 10 nF 0603 C0603C103J5RACAU TO
C3, C7, C12 3 Surface mount multi-layer ceramic chip capacitors X7R dielectric 100 nF 0603 C0603C104J5RACAU TO

C4, C8 2 Surface mount multi-layer ceramic chip capacitors X7R dielectric 470 nF 0805 C0805C474K5RACAU TO
R7, R8 2 Standard thick film chip resistors 8.25 kΩ 1210 CRCW12108K25FKEA

R1− R3 3 Standard thick film chip resistors 25 kΩ 1210 ERJ − U14F2051U
R10 1 Standard thick film chip resistors 68 kΩ 0805 ERJ − P06F6802V
R4 1 Standard thick film chip resistors 470 kΩ 0805 RCS0805470KJN EA

U1, U2 2 Transient voltage suppression diodes 400 W DO-214AC SMAJ33CA
D1, D2 2 General-purpose rectifiers 400 V SMA S1G

Q1 1 65 V, 100 mA NPN general-purpose transistors 65 V SOT23 BC846
D3 1 Zener Voltage Regulators 5.6 V SOT23 SZBZX84C5V6ET1G

U9− U14 6 OLED device - - -
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Figure 4.15 The simulation result of the application circuit
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5
EFFECTS OF THE ELECTRICAL STRESS

This chapter is dedicated to the electrical stress effects. Degradation on the electrical

and optical properties of the sample device are analyzed in this chapter.

5.1 Aging on Electrical and Optical Characteristics on the OLED

As mentioned earlier, when OLEDs are operating in harsh conditions some electrical

and optical device properties degrade over operation time. The major type of

degradation during operation, which can be observed quite easily is the decay of

luminance.

Typically, integrated sphere and spectrometer have been used for the optical

characterization of OLEDs. Figure 5.1 demonstrates the typical test setup for luminous

degradation measurements. In this study, an alternative low-cost method based

on CMOS camera and image processing has been used to observe the luinance

degredation. The relative luminance data are taken over the OLED sample for 7040

hours and observed that it performs successfully.

The pixel intensity formulation in MPEG and JPEG algorithms according to ITU-R

BT.601 standard is given in 5.1. The variables ER, EG, EB in 5.1 represent red, green

and blue components, respectively and EY is the luminance signal.

EY =
�

0.299 0.587 0.114
�







ER

EG

EB






(5.1)

Binarization and thresholding processes have been used to detect OLED’s contour.

Only the OLED part of the image is selected in the images taken from the CMOS

camera. The brightness value of the pixels in the selected image is calculated and

normalized for each image using the above formula. Using this method, an integrated
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sphere is not required to measure the relative luminance. After the luminance values

are normalized for 7040− hours of data, the change in relative luminance is shown

in the upper right corner of Figure 5.2.

The double-exponential model is used to describe the performance degradation of the

OLED [122]. The luminance degradation is defined as:

l(t) = a · e−α1 t + b · e−α2 t (5.2)

Where a = 6.44, b = 93.42 are the constants; α1 = 0.033, α2 = 7.56 × 10−6 that

present the initial and long-term degradation parameters according to time (t). The

double-exponential model traces the experimental data accurately, as shown in Figure

5.2.

We have also observed that there is no deterioration in spectral shape during the test

period. Dark spot degradation phenomena is not observed. These results show that

Figure 5.1 A typical light measurement equipment [121]

58



500 600 700 800 900 1000 1100 1200

0

0.2

0.4

0.6

0.8

1

0 h

7040 h

0 2000 4000 6000 8000

88

90

92

94

96

98

100

Measurement

Fitted

Figure 5.2 Spectral emission variation (the inset shows the luminance decay)

Figure 5.3 Cie 1931 chromaticity diagram for the oled samples with the MacAdam
ellipses (ten times magnified)
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the AEC-Q OLED sample used in accordance with the quality regulations required by

the automotive industry has a higher quality level of encapsulation layer than other

samples of industrial standards. We have mapped the wavelength shift of the stressed

(x = 0.71, y = 0.29) sample, as opposed to the fresh sample (x = 0.72, y = 0.28) on

the color gamut chart, as shown in the Figure 5.3. The observed shift is well within

the MacAdam ellipses radii of ≈ 5 nm around red tones (right bottom corner of the

gamut), which could not be differentiated by the human eye. When the dominant

wavelength variation is examined, as shown in Figure 5.4, a subtle change is observed

in the aged sample. We observe 3.29 nm shift in the dominant wavelength, which

is still in the red color spectrum and will cause a slight color shift in the stop lamp.

As shown in Figure 5.5, the impedance and phase characteristics show a significant

change before and after stress.
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Figure 5.5 Impedance characteristic change before and after electrical stress
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It is noted in Figure 5.5 that zero-bias capacitance values decrease from 1.31×10−7 F

to 1.29× 10−7 F (the accuracy: ±0.1%). On the contrary, RI TO + RP values increase

from 73.37 kΩ to 75.17 kΩ (the accuracy: ±0.03%). The change is much clearer in

the current-voltage characteristics versus time plot, as shown in Figure 5.6. With the

effect of increasing OLED resistance, the threshold voltage shifts from 4.2 V to 5.25 V .
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Figure 5.6 Current-voltage characteristic with the electrical aging effect
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6
RESULTS AND DISCUSSION

The recent development in OLEDs has brought new possibilities for the lighting

industry. The automotive lighting market is one of the most attractive markets for

OLEDs, and it is expected to be the next technological development after the LED

technology. They are especially well suited for totally uniform, smooth illumination,

and bendable, flexible luminous displays. At the moment, it is too expensive to

apply this technology extensively. However, further development possibly allows

the realization of extensive automotive lighting solutions with OLEDs in the long or

medium term.

In the harsh environment of the automotive exterior lighting, the performance of

OLEDs can be influenced by many factors. Therefore, the most important challenges

for OLEDs in the automotive lighting system are lifetime and reliability. With the

increasing demand for illumination flux for the automotive rear lighting system,

electrical, optical, and thermal behaviors of OLEDs are crucial for the lifetime and

reliability of the system. In order to design reliable circuits and predict the lifetime of

OLEDs, accurate modeling and characterization of OLEDs are required. Many different

types of OLED models may be found in the literature. Some models are analytical and

not compatible with SPICE simulators [17, 19, 20]. Some SPICE compatible electrical

OLED models take into account only the forward bias region, but do not include

the reverse bias characteristic and dynamic capacitance behavior of the OLED [62,

118]. Some others include capacitance behavior as well but assuming that the OLED’s

intrinsic capacitance has a constant value and is not-voltage dependent which is not

able to represent the device dynamics [27, 31, 33, 38, 40]. In a rear stop lamp, OLEDs

are sometimes subject to reverse bias potentials. During maintenance or service, the

battery of the vehicle is typically detached and reconnected. There is a probability of

connecting the wires to the wrong terminals of the battery. In case of a reverse polarity

condition, there could be significant damage to the electronic components. Due

to automotive qualification requirements such as "ISO 16750-2:2010 Road vehicles-

Environmental conditions and testing for electrical and electronic equipment Part 2:
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Electrical loads", OLEDs must properly withstand the reverse voltage. The reverse bias

characteristic of OLEDs is critical to be captured by an electrical model especially for

the automotive applications even though the OLED does not emit light in that region.

The reverse bias characteristic is not taken into account in any of these models.

In this thesis, a new SPICE compatible OLED model is proposed to fill this gap in

the literature. Reasonable accuracy between the modeled and measured results is

achieved. The proposed model not only simulates the forward characteristic of the

OLED, but also the reverse characteristic and dynamic capacitive behavior have been

successfully included in the model. This proposed model can be integrated into any

SPICE simulator without any numerical difficulties. In order to validate the proposed

model, an application circuit that realizes the position and stop functions for an

OLED-based rear stop lamp has been designed, as a real-case scenario. For many

automobiles, the same set of light sources illuminate both tail lights and stop lights.

Thus, the light sources (LEDs or OLEDs) must operate at two different brightness

levels. In the designed application circuit, six OLEDs are driven at 30 mA for the tail

function, and when the stop signal is high (while breaking), the four OLED panels are

driven at 120 mA.

We have further investigated the reliability of the OLED sample. During the usage

of a vehicle life, the tail lamp is exposed to disruptive factors: electrical and

mechanical stress, environmental effects such as humidity and temperature. In order

to evaluate the OLED reliability, we apply the electrical stress on the AEC-Q OLED

under an ambient condition of 25◦C and 50%− 60% humidity rate. The Illuminating

Engineering Society’s (IES) LM-80−08: Measuring Lumen Maintenance of LED Light

Sources [IES 2008] requires that the chromaticity shift be measured throughout the

test procedure, which must last a minimum of 6000 hours. The device is aged at a

constant current of 125 mA for continuous operation of 7040 hours.

The main measure of aging throughout the lifetime of OLED devices is the luminance

decay at a given bias voltage or current which is characterized by simple luminance

measurement. However, such a simple measurement is not adequate to examine

the degradation mechanism in OLED devices. Therefore, we have observed several

optical and electrical characteristics including the current-voltage curves, spectral

shape, chromatically coordinates, dominant wavelength, capacitance and complex

impedance before and after the electrical stress. The optical properties of the OLED

sample are characterized by a low-cost test setup with the aid of a CMOS camera,

spectrometer, and optical lenses. An image processing-based algorithm has been

developed to examine the relative light intensity. The degradation in the electrical

properties of the OLED sample is observed by employing the impedance spectroscopy.
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The luminance decay result shows that the curve does not fit the well-known stretched

or exponential decay models meaning that the initial degradation rate is higher

than the degradation rate in the mid or later states of operation. However, we

have not observed a rapid luminance decline in the initial stages under constant

electrical stress. Dark spot degradation phenomena is not observed. These results

show that the AEC-Q OLED sample used in accordance with the quality regulations

required by the automotive industry has a higher quality level of encapsulation

layer than other samples of industrial standard. With constant current stress over

7000 − hours, luminance decay (12%), threshold voltage variation (1.05 V ), and

dominant wavelength shifting (3.29 nm) are observed. The chromaticity coordinates

are shifted from (x = 0.72, y = 0.28) pairs to (x = 0.71, y = 0.29). We have also

observed the shift is well within the MacAdam ellipses radii of ≈ 5 nm around red

tones, which could not be differentiated by the human eye.

The following changes in the complex impedance are noticed: the zero-bias

capacitance value decreases from 1.31×10−7 F to 1.29×10−7 F . The OLED’s resistance

(RI TO + RP) value increases from 73.37 kΩ to 75.17 kΩ. Since the change in RI TO is

too small 5, 12 Ω before stress and 4.96 Ω after stress, the pure electrical stress has

changed the recombination properties in the emissive layer of device. This change

in the OLED’s resistance causes a rightward shift in current-voltage characteristics.

We also observe that the reverse voltage is not destructive to our OLED until the

breakdown voltage at −32.2 V is reached, and the OLED can resume its operation

once it is again forward biased. We have observed the hard breakdown characteristic

at the breakdown voltage for the sample, this is irreversible and the device does not

work any more. Furthermore, the pure electrical stress does not affect the spectral

shape during the test period.

The basic contributions of the thesis and their significance for theory and practice can

be summarized as follows:

• The OLED samples are electrically and optically characterized. In order to

characterize and extract model parameters, a specific test setup developed.

• The proposed model smoothly provides the whole current-voltage relation (the

forward and reverse characteristics), and also dynamic capacitive behaviour is

included the model.

• The model is SPICE compatible and can be integrated into any SPICE simulator

without any numerical difficulties.

• The suggested model has also been verified with the experimental outcomes.
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The strong agreement between the theoretical and observed results have

shown that the method used in this thesis provides adequate precision for the

continuous, transient, and AC simulations needed to develop an OLED based

schematics.

• We demonstrate that threshold voltage variation, dominant wavelength shifting,

and luminance decay are observed with stress time whereas spectral shape were

not affected by electrical stress.

Future research can focus on the aging model. With more OLED samples, statistical

data can be collected by performing aging tests under different environmental

conditions. The proposed model and aging results can be used by application

engineers to accurately predict the electrical and luminous performance of OLED

systems before manufacturing to save time and cost.
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